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Recent findings, notably on adipokines and adipose tissue 
inflammation, have revised the concept of adipose tissues 
being a mere storage depot for body energy. Instead, adi- 
pose tissues are emerging as endocrine and immunologi- 
cally active organs with multiple effects on the regulation 
of systemic energy homeostasis. Notably, compared with 
other metabolic organs such as liver and muscle, various 
inflammatory responses are dynamically regulated in adi- 
pose tissues and most of the immune cells in adipose 
tissues are involved in obesity-mediated metabolic com- 
plications, including insulin resistance. Here, we summar- 
ize recent findings on the key roles of innate (neutrophils, 
macrophages, mast cells, eosinophils) and adaptive (regu- 
latory T cells, type 1 helper T cells, CDS T cells, B cells) 
immune cells in adipose tissue inflammation and metabol- 
ic dysregulation in obesity. In particular, the roles of natu- 
ral killer T cells, one type of innate lymphocyte, in adipose 
tissue inflammation will be discussed. Finally, a new role 
of adipocytes as antigen presenting cells to modulate T 
cell activity and subsequent adipose tissue inflammation 
will be proposed. 

ADIPOSE TISSUE INFLAMMATION AS AN IMPORTANT 
MEDIATOR OF INSULIN RESISTANCE IN OBESITY 

The prevalence of obesity and overweight continues to rise, 
contributing increasingly to morbidity and mortality. In particular, 
obesity is one of the key factors for the development of meta- 
bolic diseases such as hypertension, hyperlipidemia, atheros- 
clerosis, and type 2 diabetes (Moller and Kaufman, 2005). Re- 
cent findings have demonstrated that obesity is tightly asso- 
ciated with systemic chronic inflammation. There is accumulat- 
ing evidence that cytokine production by expanded adipose 
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tissue results in elevated serum levels of inflammatory cyto- 
kines such as tumor necrosis factor (TNF)-a and interleukin 
(IL)-6 in obese individuals (Hotamisligil et al., 1993; Xu et al., 
2003). Subsequently, the elevated inflammatory stimuli induce 
the activation of IKKP/NFkB and JNK pathways, which nega- 
tively regulate insulin action in adipocytes and hepatocytes 
(Shoelson et al., 2006). Therefore, it has been proposed that 
accumulated inflammatory responses in adipose tissue may 
play a causal role in obesity-induced insulin resistance. Of note, 
it has been reported that in the early stages of obesity inflam- 
matory gene expression is selectively induced in adipose tis- 
sues, but not in other metabolic organs including liver and ske- 
letal muscle (Lee et al., 2011). Thus, adipose tissues appear to 
act as priming tissues that respond to a high-fat diet (HFD) and 
initiate inflammation in obesity. Understanding the inflammatory 
responses in adipose tissues of obese individuals is therefore 
clearly of clinical importance. 

Adipose tissue is composed of various cell types including 
adipocytes, fibroblasts, endothelial cells, and various immune 
cells. Immune cells within adipose tissue are largely catego- 
rized into innate and adaptive immune cells. Innate immune 
cells include macrophages, neutrophils, eosinophils, and mast 
cells, whereas adaptive immune cells include various subtypes 
of T cells and B cells. Furthermore, natural killer T cells, one 
type of innate lymphocyte, were recently reported as regulators 
of adipose tissue inflammation in obesity. In lean adipose tissue, 
various anti-inflammatory immune cells such as M2 type ma- 
crophages, regulatory T cells, and eosinophils are engaged in 
the maintenance of insulin sensitivity. However, during pro- 
gression of obesity, changes in the number and activity of vari- 
ous immune cells play prominent roles in the progression of 
insulin resistance via production of pro-inflammatory mediators 
(Fig. 1). Moreover, recent findings have suggested that adipo- 
cytes corroborate with certain immune cells and directly regu- 
late the activation and proliferation of adipose immune cells. 
The purpose of this review is to summarize current understand- 
ing of the roles of innate and adaptive immune cells in adipose 
tissue inflammation and insulin resistance in obesity. In addition, 
the new role of adipocytes as antigen presenting cells for T 
cells will be discussed. 

MACROPHAGES 

Macrophages, tissue-resident phagocytes, perform various roles 
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Fig. 1. Interactions of adipose tissue 
innnnune cells. In lean adipose tissue, IL- 
4 secreted by eosinophils and Th2 cells 
activates M2 type nnacrophages, which 
express arginase and anti-inflannnnatory 
cytokines such as IL-10. Regulatory T 
(Treg) cells also play an innportant role in 
anti-inflannnnatory responses via cell-cell 
contact or cytokine secretion involving 
IL-10. However, in obese adipose tissue 
the number of pro-inflammatory immune 
cells is increased and that of anti- 
inflammatory immune cells is decreased. 
Neutrophils, which are early responders 
to inflammatory responses, infiltrate the 
adipose tissue where they secrete elas- 
tase and also stimulate M1 type macro- 
phage infiltration and pro-inflammatory 
cytokine secretion. In addition, levels of 
IFN-y-secreting cell types, such as Th1 
cells, CDS T cells, and mast cells, are 
elevated in obese adipose tissue. B cells 
also play a pro-inflammatory role through 
secretion of obesity-induced IgG. 



including scavenging cellular debris derived fronn apoptotic cells, 
regulating angiogenesis, and rennodeling the extracellular nna- 
trix (Chawla et al., 2011). Although nnacrophages connprise 10- 
15% of stronnal vascular cells (SVCs) in visceral adipose tis- 
sues (VAT) of lean subjects, their nunnbers are increased to 40- 
50% of the SVCs of VAT in obese hunnans and nnouse nnodels 
(Weisberg et al., 2003). Monocytes are differentiated into clas- 
sically activated nnacrophages (Ml) or alternatively activated 
nnacrophages (M2) upon stinnulation. The nnajor populations of 
adipose tissue nnacrophages (ATMs) that reside in lean adi- 
pose tissue are different fronn those residing in obese adipose 
tissues. For exannple, in the lean status, the predonninant ATM 
population is M2 nnacrophages, which express high levels of 
arginase-1, the nnannose receptor (CD206), and CD301 and 
secrete anti-inflannnnatory cytokines including IL-10 and IL-1 
receptor antagonist (IL-IRa). Th2 type cytokines such as IL-4, 
IL-10, and IL-1 3 stinnulate the M2 polarization (Chawla et al., 
2011; Lunneng et al., 2007a). In contrast, in obesity, interferon 
(IFN)-Y and lipopolysaccharide (LPS) drive polarization of re- 
cruited nnonocytes toward classically activated Ml type nnacro- 
phages and pronnote the secretion of pro-inflannnnatory cyto- 
kines such as TNF-a, IL-6, IL-ip, IL-1 2, and MCP-1 (Hann et al., 
2013; Mathis, 2013). One of the key characteristics of Ml nna- 
crophages is the surface expression of CD1 1c proteins in addi- 
tion to nnacrophage-specific nnarkers such as F4/80 and CD1 lb. 
Previous studies have dennonstrated that the nnajor population 
of infiltrated Ml nnacrophages in adipose tissue originates fronn 
circulating nnonocytes in the blood (Lunneng et al., 2007b). Inte- 
raction between MCP-1 and CCR2 appears to be crucial for 
obesity-induced nnacrophage infiltration into adipose tissue. 
Very recently, it has been reported that proliferation of local 
nnacrophages also contributes to increased adipose tissue 
inflannnnation (Annano et al., 2014). Connpared with M2 nnacro- 
phages, accunnulation of pro-inflannnnatory Ml nnacrophages in 
adipose tissue provokes whole body insulin resistance. For 
exannple, ablation of CD lie-positive cells leads to nnarked 
augnnentation of insulin sensitivity, acconnpanied by dinninished 
inflannnnatory responses including nnacrophage infiltration and 



inflannnnatory cytokine gene expression in adipose tissue and 
lower levels of serunn inflannnnatory cytokines (Patsouris et al., 
2008). However, we cannot exclude the possibility that the 
roles of Ml nnacrophages dennonstrated in a CDIIc knockout 
(KO) nnouse nnodel nnight also be attributed to dendritic cells 
because CD1 1c is one of the pan nnarkers of dendritic cells. 

NEUTROPHILS 

Neutrophils are the nnost abundant white blood cells (WBCs) in 
the innnnune systenn. Since neutrophils are short-lived cells and 
are rapidly recruited to infected tissues, they are well known as 
a prinnary effector cell type in acute inflannnnatory responses 
(Phann, 2006). Obese patients exhibit significant increases in 
both neutrophil-derived proteins, including nnyeloperoxidase 
and calprotectin, and the expression of nnarkers for neutrophil 
activation such as CD66b (Nijhuis et al., 2009). Talukdar et al. 
(2012) have dennonstrated that neutrophil infiltration is elevated 
in adipose tissue of nnice fed a HFD over a short ternn (3 days). 
In addition, both neutrophil elastase KO nnice and nnice treated 
with elastase inhibitor have reduced adipose tissue inflannnna- 
tion and innproved glucose tolerance (Talukdar et al., 2012). 
Therefore, it has been suggested that neutrophils are innpli- 
cated in the nnodulation of adipose tissue inflannnnation in the 
early stage of obesity. 

MAST CELLS 

Mast cells are nnainly localized in connective and nnucosal tis- 
sues where they act as first line responders against invading 
pathogens (Bischoff, 2007). Mast cells play critical roles in al- 
lergy and anaphylaxis. However, recent studies have indicated 
that nnast cells nnight also regulate adipose tissue inflannnnation 
in obesity. Mast cells contain nnany granules loaded with vari- 
ous nnediators including histannine, serotonin, heparin, serine 
protease, eicosanoids, and cytokines. Upon receiving stinnula- 
tory signals, they rapidly release these nnediators to regulate 
inflannnnatory responses. Interestingly, it has been reported that 
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the serunn level of nnast cell-derived tryptase and the nunnber of 
adipose tissue nnast cells are increased in obese patients and 
HFD-fed nnice, respectively (Liu et al., 2009). Additionally, nnice 
lacking nnast cells are resistant to diet-induced obesity (DIO) 
and show reduced inflannnnatory responses and insulin resis- 
tance. Annong various nnediators produced by nnast cells, IL-6 
and IFN-y lay a nnajor role in these positive effects on systennic 
energy honneostasis. 

EOSINOPHILS 

Eosinophils play an innportant role in helnninthic and parasitic 
infections and allergic responses (Fulkerson and Rothenberg, 
2013). Eosinophils circulate in the innnnature state and infiltrate 
and nnature in specific tissues. IL-3, IL-5, and GM-CSF are 
required for the differentiation and activation of eosinophils. 
Previously, it has been dennonstrated that the nunnber of eosi- 
nophils is reduced in adipose tissue of DIO and ob/ob nnice (Wu 
et al., 2011). In adipose tissue, eosinophils are responsible for 
90% of IL-4 expression and accelerate M2 nnacrophage polari- 
zation by secreting Th2 type cytokines such as IL-4 and IL-13. 
In line with these observations, eosinophil-deficient nnice dis- 
play increased fat nnass and inflannnnatory responses, as well 
as glucose intolerance. On the other hand, enrichnnent of eosi- 
nophils has beneficial effects in nnice. Collectively, these data 
suggest that eosinophils nnight act as anti-inflannnnatory innnnune 
cells in obesity-induced adipose tissue inflannnnation. 

DENDRITIC CELLS 

Dendritic cells are the professional antigen-presenting cells that 
load foreign antigens onto nnajor histoconnpatibility connplex 
(MHC) nnolecules and present thenn to T lynnphocytes (Hackstein 
and Thonnson, 2004). Although it has been reported that various 
T cells are innportant regulators in adipose tissue inflannnnation, 
the roles of dendritic cells in adipose tissue inflannnnation have not 
been studied thoroughly. In obese nnice such as DIO, ob/ob, and 
db/db, the nunnber of dendritic cells expressing F4/80'°'"^"CD11c^ 
is increased in adipose tissue (Bertola et al., 2012). Furthernnore, 
it has been reported that adipose CDIIc^ cells can induce proli- 
feration of CD4 T cells and differentiation of Th17 cells. In addi- 
tion, the nunnber of CDIIc^CDIc^ dendritic cells in adipose 
tissue shows a positive correlation with BMI. Given that dendrit- 
ic cells are pronninent regulators of various lynnphocytes, further 
studies are required to investigate the role of dendritic cells in 
adipose tissue inflannnnation in obesity. 

T CELLS 

T cells develop and nnature in the thynnus, and are then repopu- 
lated into peripheral tissues. T cells have various repertoires of 
T cell receptors and are able to discrinninate self fronn non-self 
after negative and positive selection during their developnnent in 
the thynnus. Upon antigenic stinnulation, T cells play key roles in 
the control of innnnune responses for defense against foreign 
antigens. There are various subpopulations of T cells, including 
CD4, CD8, and natural killer T (NKT) cells (Jager and Kuchroo, 
2010). Most subtypes of T cells are involved in the regulation of 
adipose tissue inflannnnation in obesity. 

The nunnber of total T cells is increased in obese VAT in pa- 
rallel with an increase in their proliferation and infiltration in 
response to adipose tissue-specific factors (Bernstein et al., 
2000). Moreover, it has been shown that one of the T cell chenno- 
attractant factors, RANTES, is induced in both SVCs and adipo- 



cytes after activation by IFN^ and TNF-a. Therefore, obesity- 
induced factors would contribute to quantitative and qualitative 
changes in T cell populations, leading to the accunnulation of 
pro-inflannnnatory responses in obese adipose tissues. 

CD4 T CELLS 

CD4 T lynnphocytes recognize peptide antigens loaded on 
MHC class II nnolecules of antigen presenting cells. Naive CD4 
T cells differentiate into various subtypes of CD4 T cells such 
as Thi, Th2, Th17, and regulatory T (Treg) cells. In general, T 
cell differentiation is regulated by a variety of cytokines, includ- 
ing IFN-Y for Thi, IL-4 for Th2, IL-6 and TGF-p for Th17, and 
TGF-p for regulatory T cells (Zhu and Paul, 2008). Thi and 
Thi 7 cells nnediate pro-inflannnnatory responses whereas Th2 
and Treg cells contribute to anti-inflannnnatory responses. 

Winer et al. (2009) have shown that adoptive transfer of wild- 
type (WT) CD4 T cells into reconnbi nation activating gene 
(RAG)-null nnice that lack lynnphocytes results in decreased 
body weight gain and fat nnass with innproved glucose tolerance 
upon HFD. They suggested that Th2 cells, but not Treg cells, 
contribute to these beneficial effects on energy nnetabolisnn. 
However, unsolved questions rennain with respect to the role of 
Th2 cells in the regulation of adipose tissue inflannnnation be- 
cause there are no Th2-specific nnarkers that would detect Th2 
cells in adipose tissues. 

Regulatory T cells, characterized as CD4 + CD25 + Foxp3 + , 
are a well-known anti-inflannnnatory T cell subtype. The propor- 
tion of Treg cells annong CD4 T cells is relatively high in adi- 
pose tissue connpared with spleen, lynnph nodes, and lung. In 
addition, there is a positive correlation between the proportion 
of Treg cells and aged adipose tissue (Feuerer et al., 2009). 
The nunnber of Treg cells is decreased in adipose tissues of 
obese nnice nnodels such as ob/ob, db/db, and DIO relative to 
lean nnice. Depletion of Treg cells in nnice by diphtheria toxin 
(DT) aggravates adipose tissue inflannnnation and insulin resis- 
tance. On the other hand, expansion of Treg cells in nnice by IL- 
2 injection attenuates adipose tissue inflannnnation and inn- 
proves insulin sensitivity, in part through IL-10-nnediated sup- 
pression of the proliferation of conventional T cells. Notably, 
VAT Treg cells have adipose tissue-specific T cell receptor 
(TCR) repertoires connpared with splenic Treg cells but the 
identities of the antigens specific to VAT Treg cells rennain to be 
explored. One of the distinct characteristics of Treg cells resid- 
ing in VAT is a high level of PPARy expression relative to Treg 
cells in other tissues (Cipolletta et al., 2012). Mice with PPARy 
KO specific to Foxp3-expressing cells show a significant de- 
crease in the nunnber of VAT Treg cells and a consequent in- 
crease in adipose tissue inflannnnation. On the other hand, 
treatnnent with TZD, a PPARy agonist, induces an increase in 
VAT Treg cells followed by a reduction of inflannnnation in adi- 
pose tissue, indicating an innportant role of PPARy in the accu- 
nnulation and phenotype of adipose tissue Treg cells. 

Thi cells and Thi 7 cells are innnnune cell types that play criti- 
cal roles in the onset of autoinnnnune diseases and tissue in- 
flannnnatory responses. Thi cells prinnarily secret IFN-y which 
stinnulates nnonocyte differentiation into Ml type nnacrophages. 
IFN-y treatnnent of adipose tissues ex-vivo results in an in- 
crease in IP-10, MIG, and TNF-a, innplying that IFN-y exacer- 
bates adipose tissue inflannnnation in obesity (Rocha et al., 
2008). Consistent with the above observations, IFN-y KO nnice, 
display innproved insulin sensitivity, acconnpanied by a de- 
crease in HFD-induced adipose tissue inflannnnation. As there 
are no specific nnarkers available to distinguish adipose tissue 
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Table 1. NKT cell subsets 





Type 1 


Type II 


Type III 


Other name 


Invariant NKT cells 


Non-invariant NKT cells 


CD1 d independent NK1 . 1 + cells 


CD1d dependence 


Yes 


Yes 


No 


Known antigens 


a-galactosylceramide 


Sulfatide 


ND 


TCR a-chain 


Va14Ja18 (mice) 
Va24Ja18 (humans) 


Diverse 


Diverse 


NK1.1(CD161) 


+/- 


+/- 


+ 



*ND, not determined 



resident Th1, Th2, Th17 and Treg cells, further studies are 
required. Nevertheless, it has been proposed that a relative 
decrease in anti-inflannnnatory cell types such as Th2 and Treg 
cells connpared with pro-inflannnnatory cells such as Th1 is as- 
sociated with the induction of infiltration of circulating nnono- 
cytes and subsequent M1 polarization in obese adipose tissue. 

CDS T CELLS 

CDS T cells recognize peptide antigens loaded by MHC class I 
nnolecules on antigen presenting cells and participate in pro- 
inflannnnatory cytokine secretion and cytolysis of target cells. It 
has been reported that the nunnber of CDS T cells is elevated in 
obese adipose tissue. Nishinnura et al. (2009) have shown that 
the percentage of CDS T cells in SVCs is increased upon 2 
weeks of HFD feeding whereas nnacrophage infiltration is in- 
duced after 6 weeks of HFD feeding. Furthernnore, elevation of 
CD44 + CD62L (effector nnennory nnarker) CDS T cells and a 
decrease in CD44-C62L + naive CDS T cells is observed in ob- 
ese adipose tissues (Yang et al., 2010). Interestingly, the pres- 
ence of CDS T cells with a distinct TCR repertoire in obese adi- 
pose tissue has been reported, suggesting adipose tissue- 
specific responses of CDS T cells in obesity. Consistent with the 
above observation, depletion of CDS T cells by injection of anti- 
CDS antibody into DIO nnice results in a decrease in the levels of 
pro-inflannnnatory cytokines such as IL-6 and TNF-a with aug- 
nnented glucose tolerance and insulin sensitivity independent of 
obesity (Nishinnura et al., 2009). Moreover, in co-culture experi- 
nnents of CDS T cells with nnacrophages, CDS T cells induce 
nnacrophage differentiation fronn nnonocytes and cytokine secre- 
tion, confirnning the critical role of CDS T cells in the control of 
nnacrophage polarization and activation. 

B CELLS 

B cells are key lynnphocytes in the adaptive innnnune response, 
especially the hunnoral innnnune response. B cells not only pro- 
duce antibodies but also act as antigen presenting cells. In 
early obesity, there is an increase in the nunnber of innnnunoglo- 
bulin G (lgG)+ CD19+ B cells in VAT, indicating accunnulation 
of class switched nnature B cells in obese adipose tissues 
(Winer et al., 2011). Also, B cell deficiency results in a reduction 
in VAT-resident Ml nnacrophages and CDS-T cell-nnediated 
IFN-y expression, leading to an innprovennent in glucose toler- 
ance in obesity. Additionally, transplantation of MHC I or MHC II 
nnolecule-deficient B cells suppresses IFN-y expression in both 
CD4 T cells and CDS T cells in obese nnice. These data indi- 
cate that MHC I and MHC II nnolecules on B cells would affect 
adipose tissue inflannnnation by nnodulating T cell activity in 
adipose tissues. Furthernnore, IgG produced by B cells induces 
clearance of apoptotic and necrotic debris through antibody- 



nnediated fixation of connplennent proteins involved in the pha- 
gocytosis of nnacrophages. Consequently, connplennent protein 
C3a and its receptor C3aR on nnacrophages nnediate inflannnna- 
tion and insulin resistance. Recently, an adipose regulatory B 
(Breg) cell population has been reported to play an internne- 
diate anti-inflannnnatory role in adipose tissue inflannnnation via 
the production of IL-10 (Nishinnura et al., 2013). Nevertheless, it 
is necessary to delineate nnore precisely which subtypes of B 
cells are involved in the adipose tissue inflannnnation and identi- 
fy the regulatory nnechanisnns underlying the B cell-nnediated 
innnnune response in obese adipose tissues. 

NATURAL KILLER T CELLS 

Natural killer T (NKT) cells are innate lynnphocytes that bridge 
innate and adaptive innnnune responses. There are three types of 
NKT cells, invariant NKT (iNKT, type I), non-invariant NKT (type 
II), and NKT-like cells (Godfrey et al., 2004). Invariant NKT and 
non-invariant NKT cells are CDId-dependent, whereas NKT-like 
cells are CDId-independent (Table 1). iNKT cells specifically 
recognize a variety of lipid antigens loaded on CDId nnolecules 
and do not recognize peptide antigens on MHC nnolecules. For 
exannple, phosphatidylethanolannine, phosphatidylcholine, phos- 
phatidyl inositol, isoglobotrihexosylcerannide (iGbS), p-glucosyl- 
cerannide, and plasnnalogen lysophosphatidylethanolannine (LPE) 
have been reported to be lipid antigens of CDId (Brennan et al., 
2013; Gapin et al., 2013). Annong lipid antigens, a-galactosyl- 
cerannide (a-GC) is the nnost potent CDId-binding lipid antigen 
for iNKT cell activation. a-GC loaded CDId is recognized by 
iNKT cells that express invariant TCR chains such as Va14Ja18 
in nnouse and Va24Ja1S in hunnan. Therefore, CDId KO nnice 
are deficient in both type I and type II NKT cells whereas JalS 
KO nnice selectively lack type I NKT cells only. To date, nnany 
studies have focused on the roles of type I NKT cells in various 
pathologic states. 

With regard to adipose tissue inflannnnation in obesity, the 
functions of iNKT cells have received a lot of attention because 
iNKT cells could recognize lipid species whose announts are 
drannatically increased in obesity. Although several groups 
have dennonstrated the roles of iNKT cells in adipose tissue 
inflannnnation, the precise functions of NKT cells rennain contro- 
versial. For exannple, Mantell et al. (2011) have suggested that 
the functions of iNKT cells are dispensable in adipose tissue 
inflannnnation because body weight gain, glucose sensitivity, fat 
nnass, and adipose tissue inflannnnation are not significantly 
changed in HFD-fed CDId KO nnice. In contrast, Wu et al. 
(2012) have dennonstrated that iNKT cells augnnent obesity- 
related inflannnnation and insulin resistance in both JalS and 
CDId KO nnice although other studies using these nnice have 
suggested an anti-inflannnnatory function of iNKT cells in obesity. 
For exannple, in one study HFD feeding exacerbated insulin 
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Table 2. Sumnnary of innnnune cells in adipose tissue 


Innnnune Cell 


# changes 

11 1 UUcbc M 1 


Correlation with hunnan 


Fat nnass of loss of function 

III caUll iriirilUlIc Ucll 


Role of 
auipubc iiboUc iriiidriiriiciiiuri 


Insulin 

oUi lolUVILy 


Dendritic cell 


t 


Yes 


ND 


ND 


ND 


Neutrophil 


t 


ND 


t 


Pro-inflammatory 


I 


Mast Cell 


T 


Yes 


i 


Pro-inflammatory 


i 


Eosinophil 


i 


ND 


t 


Anti-inflammatory 


t 


Bcell 


T 


ND 


i (VATiSAT ratio) 


Pro-inflammatory 


i 


CDS + T cell 


t 


ND 




Pro-inflammatory 


i 


CD4 + Th1 


t 


ND 


ND 


Pro-inflammatory 


i 


CD4 + Treg 


i 


Yes 


ND 


Anti-inflammatory 


t 



t , increased; i , decreased; ^, not changed; ND, not determined 




CDS T G«ll 

Fig. 2. Model of adipocytes as antigen presenting cells. Adipocytes 
could act as antigen presenting cells via expression of key mole- 
cules for antigen presentation in obese adipose tissue. Adipocytes 
expressing MHC I could mediate CDS T cell responses whereas 
those expressing MHC II molecules could regulate CD4 T cell res- 
ponses. In addition, adipocytes could modulate the function and 
activation of iNKT cells via high expression of CD1d molecules in 
adipose tissue. 



resistance acconnpanied by increases in body weight, fat nnass, 
and adipose tissue inflannnnation in both Ja18 KO and CD1d 
KO nnice connpared with WT nnice (Huh et al., 2013; Lynch et 
al., 2012). Moreover, adoptive transfer of iNKT cells into obese 
nnice induces loss of body weight, innproved glucose tolerance, 
and decreased adipose tissue inflannnnation (Lynch et al., 2012). 
In addition, single or double injections of a-GC are sufficient to 
induce expression of arginase-1 , which is one of the M2 nnarker 
genes, and innprove insulin sensitivity (Ji et al., 2012). 

ADIPOCYTES AS ANTIGEN PRESENTING CELLS IN 
ADIPOSE TISSUE INFLAMMATION 

Traditionally, the nnajor functions of adipocytes are to store 
excess energy, to protect vital organs, and to insulate the body 
against heat loss. However, accunnulating evidence suggests 
that adipocytes are also endocrine cells that secrete a variety of 
adipokines such as leptin, adiponectin, and resistin (Ouchi et al., 
2011). In obesity, adipocytes secrete pro-inflannnnatory cyto- 



kines including TNF-a and IL-6 and stinnulate adipose tissue 
inflannnnation. Recently, it has been suggested that adipocytes 
could act as antigen presenting cells to T cells in adipose tissue 
inflannnnation. Although insulin stinnulates translocation of MHC 
class I nnolecules fronn the endoplasnnic reticulunn (ER) to the 
plasnna nnennbrane in rat brown adipocytes, there is no direct 
evidence for an interaction between adipocytes and CDS T 
cells (Malide et al., 2001). Very recently, it has been reported 
that adipocytes also express MHC class II nnolecules and co- 
stinnulatory signal nnolecules such as CD80 and CD86 (Deng et 
al., 2013). MHC class II nnolecules on adipocytes can function- 
ally activate CD4 T cells in an antigen-specific and contact- 
dependent nnanner. Despite these findings, the contribution of 
adipocyte-induced activation of T cells in adipose tissue in- 
flannnnation has not been clarified. Morris et al. (2013) have 
suggested that MHC class II nnolecules on nnacrophages, but 
not on adipocytes, could play critical roles in CD4 T cell activa- 
tion in adipose tissue. Therefore, it would be critical to investi- 
gate the significance of adipocytes as antigen presenting cells 
in adipose tissue inflannnnation (Fig. 2). 

In adipose tissue, CDId, an antigen-presenting nnolecule that 
presents a lipid antigen, is highly expressed in adipocytes rela- 
tive to SVCs connposed of various innnnune cells (Huh et al., 
2013; Schipper et al., 2012). Recently, it has been reported that 
y6 T cells can recognize and respond to CDId nnolecules on 
antigen presenting cells (Uldrich et al., 2013). To date, a few 
endogenous antigens of CDId have been dennonstrated. For 
exannple, plasnnalogen LPE, iGb3, and p-glucosylcerannide are 
potential endogenous lipid antigen species that can bind to 
CDId and induce subsequent activation of iNKT cells (Brennan 
et al., 2013). However, the specific biologic pathways nnediating 
lipid antigen-induced activation of iNKT cells in obesity are un- 
known. Thus, it is of particular interest to investigate whether 
adipocytes actively nnodulate iNKT activation through presenta- 
tion of lipid antigens in addition to secretion of various cytokines. 
Huh et al. (2013) have dennonstrated that CDId expression is 
reduced in obese adipose tissue, which could account for the 
decrease in iNKT cell nunnber upon HFD feeding. Although the 
role of adipocyte CDId in antigen presentation seenns less 
clear cut, several characteristics that are shared between adi- 
pocytes and nnacrophages suggest the potential activation of 
iNKT cells through adipocyte CDId-nnediated antigen presenta- 
tion. For exannple, both nnacrophages and adipocytes can take 
up and store lipids in response to nutrient cues. Furthernnore, 
preadipocytes appear to engage in phagocytic and antinnicrobi- 
al activity (Shoelson et al., 2006). Therefore, it is likely that 
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HFD-induced dynannic changes in lipid nnetabolites loaded onto 
adipocyte CD1d could nnediate functional alterations of iNKT 
cells in obesity. 

CONCLUSION 

In obesity, it has been suggested that inflannnnation in adipose 
tissue plays a critical role in nnediating insulin resistance. In 
addition, various innate and adaptive innnnune cells in adipose 
tissue are apparently involved in the regulation of adipose tis- 
sue inflannnnation and insulin resistance (Table 2). For exannple, 
cells that secrete Th2 type cytokines such as M2 nnacrophages, 
eosinophils, and Tregs nnaintain insulin sensitivity in lean adi- 
pose tissue. In contrast, cells that secrete Th1-type cytokines, 
including M1 nnacrophages, Th1 cells, CDS T cells, and nnast 
cells, are donninant in obese adipose tissue and augnnent pro- 
inflannnnatory responses and insulin resistance (Fig. 1). Notably, 
adipocytes seenn to act as key regulatory cells in the control of 
adipose tissue inflannnnation through cytokine secretion and 
antigen presentation (Fig. 2). However, there are nnany unans- 
wered questions regarding the nnolecular nnechanisnns of adi- 
pose tissue inflannnnation and nnetabolisnn dysregulation in ob- 
esity, including the following: 

1) Which cells are involved in the initiation of adipose tissue 
inflannnnation? 

2) How do adipocytes and various innnnune cells connnnuni- 
cate and regulate their functions? 

3) What are the underlying nnechanisnns of inflannnnation- 
induced adipose tissue dysfunction in obesity? 

4) How does adipose tissue inflannnnation nnodulate adipose 
tissue nnass? 

5) What is the nnolecular nature of antigens associated with 
adipose tissue inflannnnation? 

When we can answer the above questions we will be closer 
to developing proper therapeutic targets for the treatnnent of 
obesity. 
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